SUMMARY The effects of equipotent fl3-receptor-blocking doses of propranolol, metoprolol and sotalol on distal coronary pressure, stenosis resistance and regional myocardial blood flow (endo/epi) were studied in anesthetized dogs with a severe noncircumferential stenosis of the left circumflex coronary artery. No significant differences between the three blockers were observed for overall hemodynamics and regional myocardial blood flow. After drug treatment, subendocardial blood flow (0.47 ± 0.05 to 0.78 ± 0.05 ml/min/g) and endo/epi (0.67 ± 0.04 to 1.18 ± 0.04) increased significantly (p < 0.05) in the ischemic region. These changes were associated with a marked increase in distal coronary perfusion pressure and a decrease in heart rate. Resistance across the stenosis decreased significantly (p < 0.05) after,-receptor blockade (3.2 ± 0.3 to 1.4 ± 0.2 units). Atrial pacing to control heart rate only partially attenuated these changes. These results suggest that a favorable redistribution of ischemic blood flow after blockade is the result of an increase in distal diastolic pressure-time index and an autoregulation-induced increase in distal bed vascular resistance due to a decrease in myocardial oxygen demand associated with blockade. The latter effect also resulted in a decrease in the dynamic severity of a proximal coronary stenosis.
BETA-ADRENERGIC-RECEPTOR antagonists effectively alleviate the symptoms of angina pectoris."' 2 How these agents reduce myocardial ischemia, however, is controversial. Most investigators favor the concept that d-receptor antagonists reduce ischemia by decreasing myocardial oxygen demands through negative inotropic and chronotropic actions,8 but an increase in oxygen supply caused by enhanced blood flow to ischemic areas may also be an important factor.' Beta antagonists produce a redistribution of blood flow from subepicardium to subendocardium in nonischemic and acutely ischemic dog hearts.5 e The non-/3-blocking properties of these drugs, such as intrinsic sympathomimetic or membrane-stabilizing activity, do not appear to influence their ability to redistribute tissue blood flow.7 However, Berdeaux et al. 7 suggested that a simultaneous fl,-and fl2-receptor blockade might be necessary for flow redistribution.7 In contrast, Marshall and Parratt3 suggested an advantage of cardioselective fl blockade on ischemic blood flow, while Buck et al.8 showed that both cardioselective and noncardioselective agents could favorably influence the ischemic endocardial-epicardial flow (endo/epi) ratio.
Walinsky et al.9 demonstrated that changing resistance across a fixed proximal coronary stenosis is critical in determining the quality of flow to ischemic myocardium.9 Schwartz et al.10 described a dependence of stenotic resistance on distal coronary perfusion pressure in the intact dog heart, a finding sup-ported by previous in vitro investigations." Since then, Santamore and Walinsky'2 found that interventions that lower coronary arterial pressure distal to a stenosis increase stenotic resistance and, paradoxically, may decrease total coronary blood flow, whereas interventions that increase distal pressure may act to decrease stenotic resistance to flow. An interaction between stenosis and distal bed coronary resistances ultimately determined whether a vasoactive agent increased or decreased coronary blood flow. According to Santamore and Walinsky,12 a reduction in coronary perfusion pressure would lead to a maldistribution of myocardial blood flow and an increase in subendocardial ischemia or, conversely, an elevation of perfusion pressure would lead to a decrease in subendocardial ischemia. The effect of d blockade on distal coronary pressure and transmural blood flow has not been studied experimentally. Therefore, this study was designed to determine the relative effect of three /3-receptor antagonists, propranolol, sotalol and metoprolol, on total ischemic myocardial blood flow and its transmural distribution (endo/epi ratio). The relationships between transmural flow distribution and changes in distal coronary perfusion pressure and stenosis resistance or cardioselective vs nonselective /-receptor blockade were also examined. Methods
Experimental Preparation
Adult mongrel dogs of either sex that weighed 15-25 kg were fasted overnight, anesthetized with i.v. sodium pentobarbital (30 mg/kg) and ventilated by a respirator (Harvard Model 607) with room air at 10-15 breaths/min. Atelectasis was prevented by maintaining an expiratory pressure of 5-7 cm of water with a trap. Body temperature was maintained at 38 ± 1 'C by a heating pad and servomechanical controller.
BETA BLOCKADE AND STENOSIS RESISTANCE/Buck et al.
Arterial blood pressure was recorded by means of a catheter inserted into the right femoral artery, advanced to the thoracic aorta and attached to a straingauge pressure transducer (Statham P23Db). The right femoral vein was catheterized for drug administration and the left femoral artery was catheterized for withdrawal of reference arterial blood samples used in determining regional myocardial blood flow. Left ventricular systolic and end-diastolic pressures were recorded by means of a pressure-transducer-tipped catheter (Millar PC380, #8F) passed through the left carotid artery into the left ventricle. The transducer was zeroed at atmospheric pressure and calibrated with a mercury manometer. The first derivative of left ventricular pressure (dP/dt) was obtained by electronic differentiation of the left ventricular pressure pulse.
Thoracotomy was performed at the left fifth intercostal space, the lung was gently retracted and the heart was suspended in a pericardial cradle. A 1-1. To determine equipotent l1-receptor blocking doses, the effectiveness of each drug in antagonizing the chronotropic responses to various doses of i.v. isoproterenol (0.03-30 pg/kg) was tested in an initial three series of six nonischemic animals. The dose that produced a 10-fold shift to the right in the chronotropic dose-response curve to isoproterenol was 0.2 mg/kg for propranolol, 0.3 mg/kg for metoprolol and 1.0 mg/kg for sotalol. These relative potencies compare favorably with previously reported values. '6 In the ischemia series, the preparation was allowed to stabilize for 30 minutes after surgery. Three experimental groups (propranolol, metoprolol and sotalol) of six dogs each were completed. An additional control group of four dogs received saline solution. In each group, a stenosis of the left circumflex coronary artery sufficient to reduce resting coronary blood flow and distal coronary arterial pressure in the ischemic region 40-50% was produced by the mechanical occluder. Another 30-minute stabilization period was then allowed. In each group, microspheres were injected during a control period, 30 minutes after i.v. administration of either saline, propranolol, metoprolol or sotalol, after aortic pressure was corrected by administering methoxamine, if needed (100-300 ,g, n = 4), and after heart rate (by means of atrial pacing) was corrected to predrug levels.
Analysis of Left Ventricular Tissue Samples
After completion of the experiment, the left circumflex coronary artery was ligated, and 1 ml of India ink was injected distal to the ligation at the mean arterial blood pressure of the dog to darken the area of myocardium subjected to stenosis. The heart was excised, washed with saline and fixed in 10% formalin for 24 hours. The left ventricle was sectioned into base, middle and apex of both anterior (area perfused by the left anterior descending artery) and posterior (area tractile force and phasic and mean coronary blood 709 perfused by the left circumflex artery) regions. These VOL 64, No 4, OCTOBER 1981 samples were subdivided into subepicardial (outer) and subendocardial (inner) layers of approximately equal weight (2-3 g). All tissue samples were weighed and placed in glass scintillation vials, and the activity of the isotopes in each tissue sample was determined at four energy windows in an autogamma spectrometer (Searle Analytic 1195). The activity of each isotope in the reference blood flow sample was determined in a similar manner. Myocardial blood flow in the tissue samples was calculated as described elsewhere. 8 The tissue areas of the base, middle and apex were pooled for calculation of blood flow in the subepicardium and subendocardium of the nonischemic and ischemic regions. Transmural blood flow was the weighted average obtained from the subepicardium and subendocardium of the nonischemic or ischemic region of each heart.
Calculation of Indexes
The tension-time index (TTI) was calculated by determining the area under the aortic systolic blood pressure curve and multiplying by heart rate. 16 The distal diastolic pressure-time index (DDPTI) was calculated by determining the area between the distal diastolic coronary artery and left ventricular enddiastolic pressure curves and multiplying by heart rate. The ratio of DDPTI/TTI was used as an approximate index of ischemic myocardial oxygen balance. 17 Both indexes suffer from limitations; i.e., TTI does not account for changes in myocardial contractility and DDPTI may overestimate the potential for subendocardial perfusion.18 Resistance across the stenosis was calculated by dividing the difference between the diastolic aortic and distal diastolic coronary arterial pressures by diastolic coronary blood flow at end-diastole, as suggested by Gould.1' Distal coronary vascular resistance was calculated by dividing the diastolic peripheral coronary arterial pressure by diastolic coronary blood flow at enddiastole.
Data Analysis
Transmural distribution of coronary blood flow was expressed as the ratio of counts per gram subendocardium to counts per gram subepicardium (endo/epi ratio). Tissue blood flow was expressed in ml/min/g. Statistical analysis between grciups was made by analysis of variance. Individual c &tparisons between control, fl blockade and ,B blockade Ous pacing were performed by use of the Newman-Kuels test.20 Linear regression analysis was also used to determine correlations between certain hemodynamic variables. Differences between endo/epi ratios and hemodynamic data were considered significant when p < 0.05. Values are mean ± SEM.
Results

Control Series
Adjustments in the level of coronary blood flow by the occluder were necessary to reach a stable state during the first 30 minutes of left circumflex coronary arterial stenosis. In four dogs treated with saline, no significant changes in hemodynamics and ischemic transmural blood flow (endo/epi ratio, 0.64 ± 0.07 to 0.66 ± 0.06) occurred between 30 and 60 minutes, which indicates the stability of the stenosis during this time. These results are in agreement with previous data from this laboratory. 8 21 Hemodynamic Effects Table 1 is a summary of the individual and combined effects of propranolol (0.2 mg/kg), metoprolol (0.3 mg/kg) and sotalol (1.0 mg/kg) on coronary blood flow and systemic hemodynamics. All three blockers produced similar qualitative and quantitative changes (no significant differences by analysis of variance) and are treated as a single group in the following discussion. These data further indicate that a similar degree of ,B blockade was produced by each agent at the chosen dose.
Beta-adrenergic blockade produced a significant (p < 0.05) decrease in heart rate, dP/dt and myocardial contractile force. After heart rate was returned to predrug levels by atrial pacing, contractile force and dP/dt still remained significantly reduced.
Distal Coronary Pressures
Systolic, diastolic and mean distal coronary perfusion pressures were significantly increased after /3-receptor blockade (table 2) . In addition, the difference between the diastolic peripheral coronary pressure (DPCP) and left ventricular end-diastolic pressure (LVEDP) at end-diastole, an estimate of the perfusion pressure gradient for blood flows in different layers of the ischemic region, was also significantly increased after / blockade. DDPTI was also increased, which resulted in a significant improvement in the ischemic subendocardial oxygen supply-demand (DDPTI/TTI) balance. All distal pressures and calculated indexes remained significantly increased from control despite atrial pacing. On the other hand, pacing significantly decreased DDPTI and DDPTI/TTI from values obtained during / blockade; however, distal pressures were not significantly lower during pacing (table 2).
Stenosis and Distal Coronary Resistance
Resistance to flow through the stenosis decreased significantly after fl blockade ( fig. 1 ), whereas distal coronary resistance increased. Pacing the heart back to control did not significantly alter the effects of,/ blockade on calculated stenosis and distal resistances.
Regional Myocardial Blood Flow
Beta-adrenergic blockade produced a significant decrease in blood flow to all layers of nonischemic myocardium (table 3) . No change in endo/epi ratio occurred. Atrial pacing returned transmural flow to control. In contrast, A3 blockade produced a significant increase in subendocardial blood flow and endo/epi ratio in the ischemic region ( and transmural flow did not change. Subendocardial blood flow remained significantly elevated from control and was not different from that with A blockade despite atrial pacing. The endo/epi ratio in the ischemic region remained significantly elevated from control during atrial pacing, but it was decreased from that with fl blockade alone.
Discussion
The dog model developed to produce regional myocardial ischemia differs from others' 4, 22 in which /3-adrenergic blocking agents were studied after total coronary artery occlusion, but resembles that of Tomoike et al.,28 who studied the effect of propranolol in a partial coronary occlusion model in conscious dogs. In the present model, distal coronary pressures, stenosis and distal resistances and regional myocardial blood flow were measured so that potential mechanisms by which /-adrenergic antagonists attenuate ischemia could be determined. The (table 2) .
If unmasking of a receptors is not responsible, another mechanism must be involved in the increase in the diastolic coronary perfusion pressure gradient observed after fl blockade. Gross and Winbury8 suggested that it may be due to the differential effects of a reduced myocardial oxygen consumption on resistance vessels of the subepicardium and subendocardium in ischemic areas. Because arteriolar dilator reserve in the subendocardium is likely to be absent during conditions of ischemia,2 when metabolism is slowed after d blockade, coronary vascular resistance should increase primarily in the subepicardium. Because of this regional autoregulation a shift in blood flow to inner layers of less resistance would be expected to occur, and the ischemic endo/epi ratio would therefore increase. Alternatively, a differential sensitivity of subendocardial vs subepicardial vessels to fl blockade might also explain this favorable shift in flow to inner layers. In support of this hypothesis, Domenech and MacLellan80 recently presented evidence to suggest a greater number of 12 vasodilator receptors in subepicardium than subendocardium. If this is the case, 13-receptor blockade might be expected to shift flow to the subendocardium by blocking the predominance of vasodilator receptors in the subepicardium.
Beta-blockade-induced increases in endo/epi ratio were correlated (r = 0.81, p < 0.001) with DDPTI, which incorporates the effects of bradycardia and increased distal coronary pressure in the same index ( fig.   2 ). Buckberg et al. '7 found that when diastolic coro- Relationship between the distal diastolic pressure time index (DDPTI) and ischemic endo/epi ratio during control after a blockade, after blockade at control aortic blood pressure and after d blockade at control aortic pressure and heart rate. Points are mean values taken from propranolol, metoprolol and sotalol series at the four intervention points described above. nary blood flow is severely compromised by reduced perfusion pressure or by abbreviation of diastole, the decreased subendocardial blood flow and endo/epi ratio that results could be accurately predicted by the DPTI. Similarly, an index similar to DPTI has recently been shown by Munch and Downey8' to be accurate at predicting changes in subendocardial flow during maximal vasodilation or when a partial coronary occlusion was present. In the presence of a severe coronary stenosis, however, DPTI calculated from aortic rather than distal coronary pressure overestimates the oxygen supply to ischemic areas. Therefore, DDPTI was used in the present study to estimate the potential for subendocardial perfusion in the ischemic area. On the other hand, even the use of this index (DDPTI) to predict changes in subendocardial flow and the endo/epi ratio must be used with caution. Hoffman'8 suggested that DPTI, or in our case DDPTI, may overestimate the potential for subendocardial blood flow because diastolic intramyocardial pressures may exceed LVEDP. Nevertheless, the mechanism for the increase in DDPTI and parallel increase in the ischemic endo/epi ratio is most likely due to a 13-blockade-induced reduction in regional myocardial oxygen demand to the point where the available coronary blood flow becomes sufficient to meet tissue needs. The finding that transmural flows in nonischemic and ischemic areas were nearly equal after ,B blockade (0.75 ± 0.03 vs 0.72 ± 0.04 ml/min/g) ( The present results also show the dependence of stenosis resistance on intraluminal distal coronary pressure. The A3-blocking drugs propranolol, metoprolol and sotalol restored the ability of the ischemic vasculature to autoregulate, reduced the pressure gradient across the stenotic segment and decreased the resistance to flow at that site. Depending on the relative changes in stenosis resistance and distal bed resistance, total coronary blood flow to the ischemic area may increase, decrease or not change after 13 blockade. In the present study, total coronary blood flow did not consistently increase through the stenotic segment after 13-receptor blockade (23 ± 2 to 29 ± 2 ml/min) (table 1). This may have been the result of a decrease in oxygen demand of the ischemic area, therefore allowing this area to regulate its blood flow. If oxygen demand decreased sufficiently, total coronary blood flow might also decrease through the stenosis by means of autoregulation.
Clinical Implications
Because of species differences, anesthesia and surgery, the results of the present study cannot be directly extrapolated to man. Beta-adrenergic-receptor blocking agents may reduce myocardial ischemia primarily by decreasing myocardial oxygen demand; by restoring autoregulation and increasing resistance of the subepicardium, these agents may shift flow to the subendocardium of ischemic areas. Although a poor correlation (r = 0.24) was found between the decrease in stenosis resistance and increase in subendocardial blood flow, these results suggest that another mechanism by which 13 
